FIAS Interdisciplinary Science Series
Series Editor: Walter Greiner

Walter Greiner Editor

Nuclear Physics:
Present and Future

1(

W, FIAS Frankfurt Institute (@0 @ .

Q@\—y\‘ for Advanced Studies /gj Sprlnger
‘\ —



Walter Greiner
Editor

Nuclear Physics:
Present and Future

@_ Springer



Editor

Prof. Dr. Dr. h.c. mult. Walter Greiner
Frankfurt Institute for Advanced Studies
Goethe Universitiat Frankfurt

Frankfurt

Germany

ISBN 978-3-319-10198-9 ISBN 978-3-319-10199-6 (eBook)
DOI 10.1007/978-3-319-10199-6

Library of Congress Control Number: 2014949485
Springer Cham Heidelberg New York Dordrecht London

© Springer International Publishing Switzerland 2015

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned. specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed. Exempted from this legal reservation are brief
excerpts in connection with reviews or scholarly analysis or material supplied specifically for the
purpose of being entered and executed on a computer system, for exclusive use by the purchaser of the
work. Duplication of this publication or parts thereof is permitted only under the provisions of
the Copyright Law of the Publisher’s location, in its current version, and permission for use must always
be obtained from Springer. Permissions for use may be obtained through RightsLink at the Copyright
Clearance Center. Violations are liable to prosecution under the respective Copyright Law.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply. even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.

While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with
respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Preface

This book presents the majority of the talks delivered at the International Symposium
Nuclear Physics: Presence and Future, which was held from May 29 to June 5, 2013
at Hotel Jakobsberg, Boppard am Rhein, Germany. The symposium was jointly
organized by the Frankfurt Institute for Advanced Studies (FIAS), Frankfurt,
Germany and Joint Institute for Nuclear Research (JINR), Dubna, Russia.

The symposium was dedicated to Prof. Mikhail Itkis on the occasion of his 70th
birthday in recognition of his contributions as a pioneer in the fields of nuclear
fission and superheavy nuclei and his commitment as a long-time director of the
Flerov Laboratory at JINR, Dubna.

The main objective of the symposium was to present a survey of state-of-the-art
topics in nuclear physics by leading practitioners in the field. A major focus was the
study of superheavy nuclei and of neutron-rich exotic nuclei. The mechanisms of
nuclear fission and nuclear cluster decay also were discussed by several speakers.
Further subjects addressed were relativistic heavy ion collisions and the physics of
supercritical fields. Transcending the subject of nuclear physics were talks dealing
with the astrophysics of compact stars and with theoretical and experimental aspects
of general relativity and its possible modification.

The symposium was held in the Jakobsberg resort near Boppard. This hotel is
centrally located in one of Germany’s most beautiful and picturesque landscapes—
the Rhine Valley between Koblenz and Mainz. In fact, this famous wine-growing
region has been designated as one of UNESCO’s World Heritage sites.

I am grateful to my fellow members of the organizing committee from the Joint
Institute for Nuclear Research in Dubna, Sergei Dimitriev and Dmitri Kamanin who
helped to shape and organize the symposium. Joachim Reinhardt has edited the
proceedings volume and was instrumental in bringing this book into a coherent
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shape. Laura Quist has acted as the conference secretary and has helped in a
multitude of ways to make the symposium a success. Finally, I am grateful to
Dr. Thorsten Schneider and his team at Springer Verlag who expertly handled the
production of this book.

Frankfurt, April 2014 Walter Greiner




Contents

Dedication to Prof. Mikhail Itkis . .. .......................

Walter Greiner

Part I Superheavy Elements

SHE Research at GSI—Historical Remarks and New Ideas. . . . . ..

Gottfried Miinzenberg

Opening New Lands on the Nuclear Map. . . .................

Valeriy Zagrebaev and Walter Greiner

Superheavy Element Chemistry . . .. .......................

Robert Eichler

Nucleon Transfer Reactions in Very Heavy Ion Systems . . .. ... ..

H.W. Giggeler

Part II Nuclear Structure

New Insights into the Structure of Neutron-Rich Nuclei

A=108—118and " 192Gd . . ... ... ... ... ... ... ... ..
J.H. Hamilton, Y.X. Luo, A.V. Ramayya, J.K. Hwang, E.H. Wang,

N.T. Brewer, B. Doll, S.H. Liu, J.O. Rasmussen, Y. Lee,
S. Frauendorf, G.M. Ter-Akopian. A.V. Daniel, Y.T. Oganessian,
S.J. Zhu, Y. Shi, F.R. Xu and J.C. Batchelder

21

45

vii



viii Contents

Paradigmatic Lessons from Nuclear Driplines. . . .. .............. 69
J.S. Vaagen, S.N. Ershov and M.V. Zhukov

Preliminary Results on Observation of New Shape Isomers. ... ... .. 79
Yu.V. Pyatkov, D.V. Kamanin, A.A. Alexandrov, [.A. Alexandrova,

N.A. Kondratyev, E.A. Kuznetsova, A.O. Strekalovsky,

0O.V. Strekalovsky and V.E. Zhuchko

Features of Nuclear Reactions with Light Weakly Bound

Nuclei at Energies Near the Coulomb Barrier. . .. ............... 89
N.K. Skobelev, Y.E. Penionzhkevich, S.M. Lukyanov,

V. Kroha, A. Kugler and J. Mrazek

Stability Peninsulas in the Neutron-Rich Sector. . . . ... .......... . 99
K.A. Gridnev, V.N. Tarasov, D.K. Gridnev,
X. Vinas and Walter Greiner

Part II1 Nuclear Fission

Dynamics of Collinear Ternary Fission. . . . ... ................. 109
Wolfram von Oertzen, K.R. Vijayaraghavan and M. Balasubramaniam

General Laws of Quantum and Statistical Mechanics
Governing Fission . . . . ......... ... ... ... ... .. ... 121
Karl-Heinz Schmidt and Beatriz Jurado

D.N. Poenaru, R.A. Gherghescu, W. Greiner and N.S. Shakib

New Kind of Nuclear Multi-body Decay (CCT)—Status and

Perspectives of Studies. . . ... ..... ... ... ... ... ... .. .. .. ... 141
D.V. Kamanin, Yu.V. Pyatkov, A.A. Alexandrov, I.LA. Alexandrova,

N. Mkaza, N.A. Kondratyev, E.A. Kuznetsova, G.V. Mishinsky,

V. Malaza, A.O. Strekalovsky, O.V. Strekalovsky and V.E. Zhuchko

Possible Production of Neutron-Rich Heavy Nuclei in Fissile
Spallation Targets . . . .. ........ ... .. ... i 151
Igor Mishustin, Yury Malyshkin, Igor Pshenichnov and Walter Greiner



Contents X
Part IV Heavy Ion Physics

FAIR—Cosmic Matter in the Laboratory. . .................... 165
H. Stocker and C. Sturm

Turbulence in Low Viscosity Quark-Gluon Plasma . . ... .......... 175
Lészlo P. Csernai

Parallelization of Kinetic Theory Simulations . . . ... ............. 183
Jim Howell, Wolfgang Bauer. Dirk Colbry, Rodney Pickett,
Alec Staber, Irina Sagert and Terrance Strother

Part V Supercritical Fields

Probing Supercritical Fields with Real and with Artificial Nuclei. . . . . 195
Joachim Reinhardt and Walter Greiner

Zepto-Second Atomic Clock for Nuclear Contact
Time Measurements: . . . .+« cccososssssssess8 s aamassmsninnges 211
Hartmut Backe

Superheavy Nuclear Molecules. . . . . ....... ... ............... 223
Sophie Heinz

Part VI Astrophysics and Relativity

Compact Stars—How Exotic Can They Be? . . . ... .............. 235
S. Schramm, V. Dexheimer, R. Negreiros,
J. Steinheimer and T. Schiirhoff

Observational Tests of the Pseudo-complex Theory of GR
Using Black Hole Candidates . . . . ... ........................ 245
Thomas Boller and Andreas Miiller

Pseudo-complex General Relativity and Neutron Stars . . ... ....... 255
Peter O. Hess, Isaac Rodriguez and Walter Greiner

An Introduction to the Mathematics of Pseudo-complex General
Relativity . . ... . ... 265
M. Schifer, Walter Greiner and P.O. Hess



X Contents

The Gauge Principle in Covariant Hamiltonian Field Theory .. ... .. 275
Hermine Reichau and Jiirgen Struckmeier

Combining Quantum Electrodynamics and Electron Correlation . . . . . 287
Ingvar Lindgren, Sten Salomonson, Daniel Hedendahl

and Johan Holmberg

Ultra High Energy Neutrons and Other Fermions. . . .. ... ........ 297
B.G. Sidharth

Photographs . . . .. .. .. ... .. 303



Dedication to Prof. Mikhail Itkis

Walter Greiner

This symposium is dedicated to Prof. Mikhail Itkis on the occasion of his 70th
birthday. Our personal acquaintance dates back about three decades. I first met
Mikhail Itkis at a conference on neutron physics, organized by Prof. Dieter Seel-
iger (Technische Hochschule at Dresden in East Germany: at that time “Deutsche
Demokratische Republik”) at a small castle about 40km east of Dresden, near
Bautzen. | gave a talk on collective theory of fission. The basic idea was that the
essential coordinates of a fissioning nucleus are the distance R between the two
nuclear centers and the mass asymmetry

_A|—A2
"= A+ Ay

where A; are the number of nucleons in the ith fission fragments (see Fig. 1).

The potential between the two fragments V (R, n) depends for given R on the
mass asymmetry 7. The collective wave-function ¥ (R, 1) will show maxima where
the potential has minima and vice versa. The probability distribution will show pro-
nounced maxima for symmetric and asymmetric fission. If the potential has several
minima, e.g., due to shell structure, symmetric, asymmetric and superasymmetric
fission will occur (see Figs.2 and 3).

I was tremendously pleased when Professor Itkis stood up and showed a figure
of his measurements of the fission products of various symmetrically fissioning
nuclei, which showed side-maxima—see Fig. 4. Clearly, there was evidence for such
superasymmetric fission: in this case it is a symmetrically fissioning nucleus which
shows side-maxima in the asymmetry degree of freedom.

Later in time (2010-2012) Prof. Friedrich Gonnenwein (Tiibingen) gave beauti-
ful evidence for superasymmetric fission of various heavy nuclei, see Fig.5. But it
was Mikhail Itkis who discovered superasymmetric fission first. I was tremendously
happy when these clear and lucid collective ideas found confirmation by Itkis’
experiment.

W. Greiner (B<)
Frankfurt Institute for Advanced Studies, J.W. Goethe-Universitit, 60438 Frankfurt, Germany
e-mail: greiner@fias.uni-frankfurt.de

© Springer International Publishing Switzerland 2015 1
W. Greiner (ed.), Nuclear Physics: Present and Future,
FIAS Interdisciplinary Science Series, DOI 10.1007/978-3-319-10199-6_1
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Fig.1 The deformed nucleus fissioning into two clusters, R is the distance between the two clusters

and 7 is the mass-asymmetry coordinate
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Fig.2 Potential of a symmetrically fissioning nucleus as a function of the mass-asymmetry 7 (solid
line). The collective wave function squared |W(R, n)|? as a function of 7 at fixed R (dashed line)
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Fig. 3 Potential of an asymmetrically fissioning nucleus as a function of the mass-asymmetry n

with additional possibility of superasymmetric fission
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Fig. 4 Symmetrically fissioning nucleus with the contribution from superasymmetric fission
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Fig. 5 Fragment distribution of asymmetrically fissioning nuclei with the indication of super-
asymmetric fission

This is a master example where a simple theoretical idea was proven by a beautiful
measurement—done independently of the theory.

Mikhail is a brilliant nuclear physicist, a dedicated researcher and science
organizer, and at the same time a caring and warm person. A full appreciation of
his scientific life will now be given. Andrej Popeko helped me in setting this up.

1 Prof. Mikhail Itkis—Pioneer of Nuclear Physics

Professor Mikhail Itkis was born on 7 December 1942 in Kazakhstan, then a socialist
republic within the USSR. He graduated from the Moscow State University, where he
majored in physics. In 1967 he started his academic career at the Institute of Nuclear
Physics (INP) of the Republic of Kazakhstan, one of the scientific divisions of the
Kazakhstan Academy of Sciences.
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Professor Mikhail Itkis went through many challenges to get to where he is today.
Initially the young scientist worked as an engineer in Almaty city (former Alma-
Ata). He defended his Ph.D. and habilitation theses in 1974 and 1985, respectively.
Professor Itkis became the head of one of the major departments at INP. He has
been extensively studying nuclear fission for over 40 years, a topic which occupies
one of the central positions in the universal many-body problems of nuclear physics.
His work was widely recognized, and he became one of the leading nuclear fission
scientists. The group of young Almaty scientists announced first, extremely promis-
ing results for nuclear fission, which helped deepen our knowledge of this process
and of the properties of nuclear matter. The Almaty team presented experimentally
measured fission barriers and moments of inertia of nuclei and studied shell-effect
manifestation in mass-energy distributions of low-energy fission fragments.

Subsequently, the Almaty researchers conducted a series of experiments that
enabled them to estimate the probability of preactinide nuclei fission. The results
also helped the scientists determine the shape of nuclei in the regions of nuclear
super-deformations and evaluate the impact of both the shell structure and the effects
of the nuclear binding of nucleons on thermodynamic properties of hot nuclei.

These efforts started to bear fruit. The Almaty team observed new features of
nuclear fission in the lead region which was crucial for a better understanding of the
character of the asymmetric nuclear fission and the impact of both shell effects and the
fluctuation-dissipation processes on the formation of mass and energy distributions
of fission fragments from cold and hot nuclei.
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As Mikhail Itkis was probing deeper into the process of nuclear fission induced by
light-charged particles, it was in early 1980s when he discovered another promising
field of research, namely, the fission of nuclear systems emerging from heavy-ion
induced reactions. His academic interests were so intricately interwoven with the
research activities at JINR that in 1992 he was invited to pursue his scientific activities
at FLNR.

In 1993 the JINR Scientific Council appointed Professor Itkis a deputy director,
and in 1997 he became the director of FLNR, JINR. Professor Itkis started intense
research of nuclear fission induced by heavy ions at the U400 cyclotron and founded
one of the laboratory experiment divisions intended the study of the reaction dynam-
ics and fission of heavy and superheavy nuclei. Not only did Professor Itkis head the
laboratory, but he also initiated and participated in many experiments.

The experiment division staff pioneered unique techniques and constructed a
series of setups for evaluating the correlation between the neutron emission, gamma
quanta, and fission fragments. The double-arm time-of-flight CORrelation SETup
(CORSET) manufactured for this purpose proved to be extremely efficient. Subse-
quently, the coupling of the spectrometer of fission fragments CORSET with the
DETecteur MOdulaire de Neutrons (DEMON), a Belgian-French neutron multi-
detector, allowed use of the former as a trigger for multi-detector systems.

Such collaborative work increased the reliability of data on average neutron and
gamma-quanta multiplicity in heavy-ion-induced reactions, which allowed for the
first time ever separation of reaction channels. One of the key results was the discovery
of quasifission processes in the fission of heavy nuclear systems. This breakthrough
allowed correct interpretation of experimental constraints to nuclear fusion leading
to the formation of superheavy nuclear systems. Over the years, the FLNR JINR staff
conducted systematic investigations of fusion-fission and quasifission of heavy and
superheavy nuclei at Z = 102 — 122 using the U400 cyclotron. Moreover, the FLNR
researchers studied the excitation functions of nuclear reactions, the mass-energy
distributions of reaction products, the multiplicities of neutrons and gamma-quanta,
and the manifestation of shell effects in cold and hot fusion reactions.

The experiments by JINR FLNR found interesting results on estimates of fission
cross sections for superheavy nuclei, which allowed for the study of the forma-
tion probability of compound nuclei. The choice of the most promising ion-target
combinations and optimal excitation energy for the synthesis of superheavy elements
was justified by the core assumptions of the theory.

As director of the Flerov Laboratory (1997-2007), Professor Itkis did his best to
develop lab facilities and achieve further progress in the study of nuclear processes.
Numerous changes were initiated, i.e., experimental laboratory equipment was
expanded, new experimental setups were designed and constructed, superheavy ele-
ments 113-118 were synthesized, and their production was investigated. Mikhail Itkis
started experiments dedicated to the study of chemical properties of new elements;
the research was carried out on fission physics, nuclear reaction mechanisms, nuclear
spectroscopy, and the properties of exotic nuclei. In May 2011 the International Union
of Pure and Applied Chemistry (IUPAC) officially recognized flerovium and liver-
morium, elements 114 and 116, added to the Mendeleev periodic table. In May 2012



6 W. Greiner

IUPAC officially approved the name flerovium for the superheavy element of atomic
number 114 and the name livermorium for element 116.

Professor Itkis was awarded numerous JINR awards in recognition of his academic
achievements. He won both the G.N. Flerov Prize 2003 and the Alexander von
Humboldt Research Prize 2005 (Germany).

In 2009 Professor Itkis was honored to receive the degree of doctor honoris
causa of the Goethe University, Frankfurt. In 2011, together with Professor Yuri
Oganessian, Professor Itkis was awarded the 2010 State Prize of the Russian Fed-
eration for outstanding contributions in science and technology. In March 2006 the
Committee of Plenipotentiaries of the JINR Member States appointed Professor Itkis
as the JINR deputy director. Numerous presentations at this conference today are in
fields to which Professor Itkis made a number of ground-breaking contributions.

Professor Itkis is known for his fundamental work in various fields of physics
that played a key role in the establishment and development of many areas of further
research. To us, his friends and colleagues, Mikhail is much more than an outstanding
scientist. He is a warm and caring friend, a wonderful colleague who gave freely of
his time, advice and expertise. From the bottom of our hearts, we would like to
congratulate Mikhail on his 70th anniversary. We all wish him good health and new
outstanding achievements.




Part 1
Superheavy Elements
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